


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1989-06 


The measurements of thermoacoustic 
phenomena using thermoacoustic couples 


Ao, Chia-ning 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/27128 


Downloaded from NPS Archive: Calhoun 


: Calhoun is the Naval Postgraduate School's public access digital repository for 
/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

; | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


og! 7 m7 a ve 4. @m@ «a Mlors pW 8s a * ee #2 420-8 Hath asa. O 8 & BR. TTA Aa Oe OM 4 hee ty wy Fh © 8 1de BP ORE MO Ast DORR OD dee 
’ 

























































































4 a PAT 6 5 sas o: MADR Ae asaotet. Nabcec@to102¥-4-8. tenn pier egw Vile oply Spi ipo peop hee ; & 
a elses + % : & &R= 4 © Sha arses ese a rr a i Walvlr aeky 296-4. 4, wills 9 Lt Bh 8 Bin 20M Owls be amen 
i ei . f tes se @ * “se #@+ @ eee Y oAeAcal wa PS Me pa Ps ip et ee | Aiiene nse, 
L % 1 t 4 9@ os ee et a | Be ry OMS 8 O°8 tet NEF OE BE oh 8 Ore 8 PL © 26% Rowe ema D* 
‘ a * ww i¢ \ r > Ye Meee a, ee ans A Ute ReReunetN. OL Gr 5s Rois B01 HRs De AeReS emo tete Pegs Rake ste WPSORD tem 
: 1 : a t+ oo # 1°? ara ’ rere RF eaune % dod a 4 ae “ Nepean, ae BES By 0: OB. ie Ret De AWRY DD, Uomo te va pe Baernse— 
’ ‘ 3 a4 ‘ es a a © 8 b age: Affe i thee B, Art’ a ast; ‘oe: wy ©, & OF 6" B09: 6. 45Qe%: 82% Bot © Rem Bem tenieheRehenegein 
: b es a ee ee ee le 2 ee ra ee ee 4 ee “ate . & tr ubtan® 450, & a RéAcaio @ aha DD Ash Hote & Beem erhaeseqarane? 
. Dy : ‘ fe) Ce i | Oa hd a We O eal TU Peh Atlin Hm By MMi Bs O28 ks BEM Rees By ant ahs Mela eA 
H ve » +t : sey s* 8 eos? mu  efe Ft ee 2 Reerh se UR eer Ak Ne arya Ley gee seutenn ns WEN “pk Hehe ke B-Day Mahe Wh & 
. : » on 1 ’ ' searing? aesee # Ce ea Nee A. Cee te ee are Byty > °O stp Ane Rt Ae a MAG « 009 DUN GR. Dr sO COs 
oar] 1 eo 4 6P © 1s as Hh fEMr es Bh Aye > ed RS Ba Me &% Tras on Beto Od Oca earn’ VERE DD, BCom Sere & ao, Pee Mm Voashes 
: oan ‘ “5 6+ PF see wn 4 ares Saat Et a Reece g P Some tp we ag ts meant eeieo rh bP br pt 5. apnyly <—eopad 4 
. ] ~ he : ‘ 14 a a wae a Be ok Asa i sweA 8 OS HI R-6 BAR G.AtPre UM se. BRAG, Oe ea eeoke tae See Snipes codeiweeny etek 
‘ ‘ 19Ot 8 8 em 8 ar aa Be He Pot © Hse de Mark Go, P DS MPa se Xho | 004 OOP oO Weg he egy hyd be cat Ry Ms ay ae Pu Sats & % Bee: ete 
ee ae ' | a k¢ s1 Ce ee Se Ce 2 bis +o eR Bre are 0 2 AS awd As Och RSQ ROLE 8.8 4,8 Ueber Re. ak ER ASD Ah hh Qe Cs engentadeienss 
A : a 1 ® A@ att 08 a, rise t fBe%em 2 © Oat ee 8 As 14,0, A708, Ornsec® 4. Bae ms Oo Bre, Be Ges Bi Dee nte.m © 60s im Be Bete Bp teiPlsmsnee, 
i Lape - ’ ‘ « ale . © a emt it. DER REO, Mi The? awe PO RRB OE. Msi 8 he me gf ei 4 OEE Re RAS ALR FP Sip, yee A 
. ‘ ae a a2t2 8 2 + ame . . ; wy he Ge dria. MM 4 ee Calg men momee ees © PRES fap Vapeh: YR. © BsOsO ted Gh bed ees ReMe te 
‘ 1 t Pr] e 4 | re) 4! e ee peety Hn: Pie ae eee ee er Le he Ty ere oe ee wren nceeim ere mamemncm Lenn 
7 J Cea ee, ee CLT) 3 ‘ Arig se tt 8 Ae wy met PO 8 oot OM eRe ste Re. 8 Oye Om MOA OR oohe Oe My QB Omksadte arent ac ® 
- ieee > Ja) t 6 er ee de a 2 oe Bete ae se an RO Bot Ale OH GAS OA Cima BD ae & "4 apaan ea hme nds Ary mys 
: - : a e nee 8 © ge BO Am 8 A 818 tt Oat pe 0. ease FM. 01 hy O18, CO Btewd. be © 6M cone ts Rs RoMs Yulee Ghgee Chek A borse Queer na 
: 1 OG ere Po 116 & 4a Nk te RSA ebds @ Cas Veen © 0 RMF a resth bl pects eae 0 MF Ose MARAE od 0. @ Api tn maw tr Cre © Entemad~ 
| » o s ¢ *% alle @smn tte Lah | ?. wot Be of 888 he D2 CO eapchens _— Ly Stas Re tae natin An Op Ae ohm —m Rete 010.410 moan Viewed Rneaten 
‘ Ca ‘ Ce, | 1 6 mw be ni Pit lalcPeg tera gee ra boty ed ‘igehab Pel lr De meer leery are rat em 
one * 4 on © 8 te ose ey Co ee er PC ee ee 3 Y oA ee Aprdiin Modi Aameghans® © ‘ey toe @: Bp Rom Are Bo. Mom 
. : mee ‘ ‘ Ca) "ee +P BGP we ~ ' wings 442 Lh neers saiionee aes Pence retina pop cite, oncquansSeucacaraccyo, Byer8i4 pureaéoscaca - pe 
: oye one s . ° > " e 1&1 a BR, Bk Mes? 4.8 My 490. Fahey —P 8, @ Ridytreghym | aay Gay Bs ats 
‘ . ub . . ot ' ‘ ’ ‘ ' 14 Bes 6 Hu te 8B + tee vo eae: ‘AR s'e be ro Reb Un Pel AS &, CaM arts ermse an 4%, Pec rpse ble ee 
. is oo» "¢ “ae ‘ ot a ® aa Kes *Danme e Nd Re -¢@ A CA Sade. Ri wd CBee heh 4 B OL: Opm CO geend, & ay Oy My PMs Bes 02 OO, & 
. ’ ’ . ’ ' a 4 oon @ ef a ee ee il. ee Te mts og @ 0-7'O DEE A RAR © wo, & Rhee. He Os 4 8 tems oD 4:46 © 4a, © B-O.% 08.0! we Osha ™ 
1 1 ‘oo. . 1 8 eaanwse ma Pry ia | wa 8 ake o i R.'G & A nib aes alae nen © a Nae fam om oe oak aries Bea ae catine aera emma 
‘ . 1 . . . 1 e 1 ’ Pearte, 6 gu 48 1 1 5 tier ve s(t) dae es 8 aan qo Reh Be & BFA DWY tn eee a.> & Mee oy Sere 
. . . ou . oe . «a ex en % thes te Rd t eat “amet ag eye 2) mal Lyeaem be rte Agee mbactahaas 8. =, eAnaanpie scbaneaen 
b] ' Cn e » to arae ° i e° a © oh 8 6 @ Ate 6 oo Oats aa Dpe.e Aaron Re Ale A Bent i ave Be Be Ae GB. me parties Reger = Yepmvrenst £0. 0 
: < A 5 : F ale P e x A . se of te @or eM ema ea we rey eRe ed abs Fat & anctepe br asd. 0m. © Artnth, @ ee nn aoe & we 
* ’ ’ . « #48 6 a) ea? pant fom of 8 ht & Bee | Ast Bob As dette mR is or Se IL ee ce 2 ee ib “" oe Se me R BYseas: 
: : 1 emoe ‘ > «6 tee eats SL oe beage a. arnmket AUS 0, @ Mion m, &, gute, 1» Gy&u Mr 9. % ona Su etnies ash Aatjeulem erases. manss 
a? '¢ ‘ tee a oe oom 4 @ ser % as ee ee aa Ponts Hea tree B YFOe, 4 ned © MIATAIT-Csar@hog me wee Deis ae sdb 1 AOI bedi @ eos we 
Crea Ce “a” a a ee Tey e setae OT or eo aoe met pa 2 ase. 00 Mode midee! B, Late Qcte Wy GE Breer O-e 
° 1 ‘ 1a teen ter RD e eeu a be & Oa (we te 8 8 &O a 2 ae =~ & Be OWA, H O- Brecase- 
7 , a oe Be . . a 5 ef te” ° rv ae ee, ns 2. OG™ 12, Dom, 0 a Det el OGVAD MgO ym de ry Ma mh On Werte athe + 
an . " Je o 8 tlle Ce i ee ie J 4 aS 44.43 ates irate 8 ® , TA ANY te bcd 0% Onness Bh & Oe, Renmee phe WAton De Ost Daw hcp Boke © a 
. , oo 4 8 ‘ as ' © t@e&e o On ogc 16 Roo © tefagwe Od a 90 Ve St Ay OE Se enc Rn eee Se By ete ace | 
' 4 oo8 . Pr or re) eats Ca he Rhee tS hte aM OM 6 ORO AAA Byte ne ef entrSia« BOR baw os: ~~ wee bh Oe ROesstree 
oO ASS, ots es ’ + #8 4 6 ¢ GEE WWE ted 36 0 SAH ase. PEM ALAL REY Corp Ole PB Ba o5m wm Ry My 6 CAF PM, OM a Maulana ee = behets sapep beh 
- Lave! - 7 a | eee ed a i | ae ' Ne@sA as ore Ake AFAR Ge BA O'R FON @ HID Coy Oi rotmehadtie med Ro mee yo QtAL ede Bim; ere ee Seer meas 
" oho i: a +e 8 two etre te) ne Ong © ehags “APO He OMe Page Bubs AD 1b1Ho.O) MH eGEBicd Oe dy SP fe Cetin Pensa gases Salemi, D wade Wptencat Beemer 
7 . i = ’ an r - ce °° e: ’ Hee + op% FEY Bee AMO s h%, 0 OF COO D D 0 he b- Opi De Lehebro. th “hae ph ty © <a Rp RIED = 
Pan i % <6 Ww 8 8 ge > see ny eh aut Mm t09 age %t- Do RM OF & ele. Rim, Ry Sabin, Oy @ 0 O-eamias he Wet os os babaiian 0, Ge 
is 1 te wre 4 oe t2t 8 MM @e dt os @ente we & Om 8 ht pata Lows bree ora ra Sweetie ce prety rere ete! abe 
7 . ‘ ’ * " ¢ @e . a eo +8 e we 1% Be CME Oc01e > s& B® Boye sfonte te nrogod brs Lotte Te Ae 2) lel OF RDO Reed wD tem ap de os b Melee: 
i ‘ . bd eo" © tae a a ete - ex, er» © ait tormenta R™ Oe » 2'tn e's Se ee trnle 8 © enim OR: Rom ae Oy AsO 2 utae mm CAM De Seb Rom» 
‘ sae ioe eee «e@ tor? oe ie % FE uP rae 2 NO O15, be 0 be OOF cm Ur ino Ren cme & es © 8 og we hes he MeO mew aan aR teytey de Oe Py 
a . ” ‘ evr ‘ . > wes '* ‘ = 1 oh 104: Bleenet oy mah, 11M ie @ mange gh gers he, Smo SAP OK RARR op buRAD Renita moan tn ty Oe 
. . z 6 ’ ry) 4 rach 4 *, th ‘te ny a are | e Pe oo O% bane ies & webner & ad ALEM Mpse Be Adon Oe Md Rh wed By ot 4p Me ot BPE te %, 
x ‘ es ' as . en da S CA Soe Oecst me Gul lt y oa Or 2-8 9 Re mM $00) Reeg int & Rime e. % a mipeeim totase fm henbanaus ‘cone 
oat om er ipa (ene st ele * *6 = of u mt 0 hese Reds pA pho 4 <pandusbdeghiecbogaiin Wen. «cc sateaararet raeen 
' ° * be " i oe ’ . Pros re mize 8 ede OR eo BO! Bele wate aygete Mave Bat esheh.apaer ae 02 eM MODS, bE. 1 P Oe MOM ew he 
' : ' ' . . mt eetrtru 0 © 9 . a fY» af Ps se a ae hae Ok eT Tn at oes Rog Re Ge MOE TR pen: eR! Re Bae Bow, or ng rh eetg tees opieds 
z " " . ‘ ‘ " es oe e — «8 Sete ues wot % he 6 St apanely wef 9 8 fle: e en A cee Om Oh: Baw elelasantsre a eR tora) a tm * 
7 . s a ‘ ry ~ Fee ee “st ae ere . i ee a | » te oth ary Pr Rne O'S. aff, e 7) oga.~ “& © te renee pity anna ee the 
s as 7 heel » 1 a a te e- . ee mM 98 - a eC ad ee "eo "MMedanale y Sinsatm, es «ape eta of Meme + soem oft, 228 Bim a9 4 - 
: i : Tee oe ® . 1 ews oe ‘ t, Wet Be ae GARD ORI MN, 0, tal ay alepl ov a ase see oo Oy Dy, ore chen nuer “Wy beg Bota ty “oy we ay wh ta Dy oe 
" . . ’ ‘ ' "he ‘ ene o%» sme eo. ate a he ate Pehle 4188 Fit ge, gh ee & OD UA Rete mas “GS Of Oy, afte 6 PCIE 0: Bs Bike bere. @ O88 
1 : . on 4 » 1 *, 88 * he 1” eee Lett e Ms yer tat hey 4 im, a “4, hod Satya Re had sty Mefegry Bc Oe Re Py Bema Ong Ao he ete a tee 
’ at teow * Lhe on 0) am lee * «% . ’ BB dle "ht O@i are ro Petwlene st. © ae Rr © Be “ave Ci.den ee A con saerarecpey plage nF oare 
® . ’ ees ma « . ©. . ° ° r] of 4“, . a oe fet Oe ROE Ce merece 8 ~ Spee etiae be prey 
ee ) ry ot . rn | ’ Ye & efs © a 8 ° ¢ . o1* ’ grou ee te oA hee RARSAs mom + Diem ao eel per egcbeer ps Vand none PRedh Dp tenes mobo @ Bole 
' . ' | ° e ou (i 6. * “age es + @g% tim Siee ‘ed ST ftp ee ae @ Re Re dale iwi my Desa! seed » ~~ 
. 7 fteon 1 ' se ' R te - . ne eta. es 1 2% « oa ater, a ut ORL re AMER sOl ee BHOTOOP are, oe Wee tas a hpaninnoncesn! 
. ' ' de oJ » ' 4 ‘ = @a gpg of * Bey a Ge hh, ay shine, avoulte arcane ca) Niccore beh: Ge Se Gate & &!0e 
‘ . ® ‘ Saae pee ey ewe Pan sd ere aean fe ain Meee Br re fare, pepe pee ed atd.w' wh & 
J . t ‘ «© ete ! we «+ © gee @ ws a ow atharchy, Oe ee ee rg | SNpteh ehene ia tas te Roatnls Ou 
: 1 4 A ofr as Ce ‘ cha) ’ + ate ter on eta To 6 a at mee Ps i Oe Om pea herse © ofeach. s d¢oertdl Op ' 4m. wat cowedie afb ast, ©. Kenge p! 
VU ‘ . ' oat ‘ s . eee F 8 ome CLC "se @ es + @&. +f © tbat & © ’ © Arpanet Ohmetede 4 ne 'mi see Mehe Bebe en he vores & Rein R & Op Remy be oy Om Pete 
' * ' . . 1 e F See tn ute & te? ’ *? sae forsee Paew se & ef a-a/m Far de BRL Oy eed erly tes i ~-a~ s tom se Res kamcaenad 
1 ’ . ° ‘ae ficets . ) ° . . a a a9 Bes r] terme Ww ta 8 mb pe dm = aah ch tam me era SP apelncipledpdemoas, 
. . ' oe *. te a8 Ten ® te Ae! 00 ta Mae AP ue vO ee at ae oes “ea ae Ss Cap we vt whetion 2 ee Qerm 
. r) aa ' ’ . . » eh "e te e. a “we ba se 28 Oe (hams Rpde Dees Reserva te 
' s 8 1 * : a 4 ’ ’ on * e + @ae . . ere +d Pi wise . o> esate acy coat Rr co hanes Gah ortho Soke * eof ah ng rate Todt 
wie l8 2] «.° aA us 28 Wenge te a) ee net ee rie Prt. adhe wiper see name te © Aponte. 
oe o8 e “{ *. e ee a tee we ereen, ©@ 027,02 hod 2 84 ‘ & ziqee ae » a ° 4 06 Ode ee dapper recic syepe 
7 Le : 8 1 . % te ‘6 x4 ww oe se ee eth Op Mine 1 “she BY ate ine ra Ayace A Meo Ge ne Fi alai> 8 nike ocues nce hel 
. eae 1 of ’ 1 ; ‘ Pe eat © F Ces 0 8s H 6 id ak dee » a -erhon' hy fate + Webs Nimamacret i Me STS toys ae ak mw ole. Wiasm 8 i 
os 2 e e> 0 4 ee ' > te U . see 4 at* «2! au a on Seti as r feta, ofa® Us Re teylint tet ees go ahhe Q@inge dnungtela, 5 ue 
, . . ’ oe 8 « ts * Inteswoeoe 9 s ot Be wo! ee tae ar Le «- . + tad me ay i °a ho SL aby yy te line prod Dd ings 0 * by hd ote pages 
. 7 be ae : ao’ ais ° ew ee © ’ > ‘ oieg oat setia Win nee 2, 06m = alge segadte th Bs 07m ea hotste tee enc adhe's 
1 1 iy 1 . . . 2 t, aa ’ “as y ¢ Sone Se . af! a7’e See 0 ofK mh 68S ude gr wee f * are 1 ue we Me oe BPN Oe OOD 
: 7 : : a ot mee an mo o. te woof ow * aks We ' ee ee oe “ae ah unieieres ASE pend qe lg 
be 5 . Ld 1 ‘ ws: . oy a. ¢ Terese’ ¢ ae " «6 of & te "es . see) (‘fet 6 6Ofe A” abe wt feme “ 7, Pe ata ers® Ade. tele en 
7 . , ry . * ¢ eet pee ees . aa . oe s 5 sents + : at © he me a, of a wt wefad asf ee ee ee ee ee oe ee 
eT tf i .- ¢ oe Pa) . ‘ 5 ete erties. Oe Te Le a Saat tee thy ale Cafe Le inhete bed ma lecanrte te © Wein oe — mds Yon Salen we 
: . 7 : ‘ . ‘ Si afis eal © 4 at a. cd * ad ie alas ay Bar § vad fo ens ato. Ems sé Sd oom inane,” 
J ‘ . LJ 1 oot Sp tate ‘ os “a o —e «= ! *. oe a Shae | OTR ee Bie etus tee i mterce: ere @ 
: : . e = @e ' & e %1 Peer foetae u's Une gee yt ‘abe Oe ee ae Pe o-esces & we afd - oP rmmnd tga 
: Y . 1 8 1 4 ' ° ae 3 8 . = a6, 2) sue ‘ Fo sta tel me Ay baker eteray stmt ies fe acme Met, 0 cakes 
. . . a 1« . e Ss e ‘ e oo, laa er 1 m& © of ef © ert Beta tee endna“@ - wf 0 tment ene oe: =, 
’ : i ‘« aa) heel g A ‘ es - * ie te ots e "mw he 88 Ma edelame ieee ience = jee os kote 
*. 1 ‘ . 1° 1 . ¢ s%e #5.% . . «a 04 Fe mw binge @ 0 ibe mt ae A met |g fen = eam o8 ‘word wha whe 
‘ i Oe iy ' = ae Se e r . . ue Pe f “net SS Son f P te tbOi Pest, o & bet fo Cee ta tuticn a be tae a 
: . . it - . aves 6 » eerie J - ot digi Ne & todges tae * or be ng eedbSER, ip om ty ee ce 
*eu . oft 1 ’ : ’ Ly ap Ror ee: fs tegh 1 bh a eere betome &. ernebe Sep hae y A 
aL 7 . ane oe Ad 1 ood 1 ee t * 4 ‘ fe 9 aity we ei | oe eS be 5 eon e% se Sond eo” ah Pe") ad we me =e 
. 1 ’ Ld Lr . et. « 1 0% « 1? 1. ae . %, a ee ee ¢ + = at Oab! 1a ages oe & nsage yee <= ey sek mat 
be . ' : : . * U oe soc ae | a z e& fod ate we ote Dei © es * of = -paa =< -of 
b H =! tag eae 2 * «st «ft sist a ee acy OS at ‘ - * Iogmea s ; Sada ics 2 waist Taokcas ae ee 
1 o ‘ : f yatee : a) ie ‘ . a 2 oth" af = as 0 i, ofddeged pe a an oe ee) ee 
: . an ft ae 5 ons 7 y . = ° - oke . « & * mthas +6 bs tas 4 @ opifinn ascieaeegael ’ arthe& » bfS* we RSe, 
, * ° Cee . at 6g Eg 8 ° bk ee “ere Cri i ay A et ee & aga Semin fates 
* m. . ‘ea 6 t 4 . + an =. rie o- " er a. ee Te foe sa fadteador: Nt om wes hee, fier a fh, poo pe aye 
7 ‘ . ® # % 1 ‘ Ae. t Adene te 1 jae © »1%nd @ ah ott © OF 4 ad - we Pe . a ae ty OO 
on . ’ . 1 oo a 7 ay 5, Werte AU oe ae ; ig 58> os ajtt f o § bh ave” bf: tm g +e Behe me hes . 4 
. 1 i. 1 ¢ o> 4,! : 4s 1 . 5 hank iz vlefas * Of 'M Ce x4 tbe * se & beter! vi, ey aie 
i >. ie > . so4 "? 1% « a e 53 Py ee a¢é i i wothek mw & e¢ tte ot - % Ve afte 5,3 we? ryt ted Bite 
id ‘ x 1+ at 1 feed ewtie . ee me 2 Pag fm de te ms wa Fs Pate ww ee A re Sw sie! 
‘ : ki . . ¢? ' ‘ . “ 5 a * *riafad ait 5 1? + = Ate ee Al cinte ttt fe “ht 
i 1 ’ : . . A . Sey se eae . SeMNS 8 de onde 'M, 2 = Na ay a Dey Gp mo 
if o 4 . ? a ' » oe e . « af be wats o°% dey Mem BAlren.t -e- 0's WaralG: eS ae ¢ aa” 
. re ' ¢ 1 a Seeee 5 e . nes fe fe sf ree 4 at Md Wis atte Pw ugt! Sbilres fist ty Fe Fahy aedts oes 
: Te oo so "4 1 = «(8 in 8 Ce) ‘ ate . %@* 1 wk oF 4 tet ante hee Pot md Merah: 3 be ot Pm “ pak 
: : : 3 - ' he eee ay | ‘ug o atite fe gf ae voy die i ne he a wi ht Soom 2 wed Kev ety a4: 
. ’ oo é ore = Perec hye aU . . . -* . m9 ‘ ye 6 ty CA oe "Wan icra Pe ha rf — Sree, att hod 4 A 
* 1 oe ° ' . ; os te . .  ¢ @ s £% a ey r ? » fete Se eed o 4 * one ee aiyhe fo 0h MP ng of I * 
° . 1 ’ «8 ' a: 2ee Cle . ry “8 ae ‘4 o +4 * esnts ¢ * » 0 oF arte Tt oat - i or ee | e *ag 4°a.m 
at . te eat Let hh eo oe. t trig aes fer ny of vee ow # gn Be “at wet ne ~ are = OR ay ee apeat - wb 
. : 1 ae a hoe ea ae . . * ' ai Oat a eget yee aly ne elf BiE On My miatehOnr a. cmetee “ZF wet 
' fe 1 ' . . ¢ : . F) wt te ’ ow. “if "es “ a 1 @ae ror of 48, Hes ard G wa VOF cdg “she! 
. = . Lee rT ' . + e O © Me bea 2 hee Fe" . a te f a} A LA! t 2 o@ fe is tft PUR A a a ee 
, . ° ' ‘ Lb 1 ’ ee a ‘ ' 1Mearana er es, ". rs oo. ® . " of "4 f 7 tae . e eet i oa ‘acgh® Oe" 
os . . 1 i ‘ ’ re ‘ . ’ OU eC ° he eet . 1 Ate es Cet, Fe oft #u! ww @ me oa" &** Ser6 . A Beat 4 ae 
¥ ‘ Onn) a ma Decay | : te ‘ a | rk * We? * UP tt . wah afm gts Sg ae SIE 0 ws 
. . a] 1 it ’ ' . 1 . ® » 1% aFh " A ~t pe,” ah ba figee fc gree . ee ® 11 ape insta B%s 
. . * . 1 . ' ' s ° ’ . . > YY ot “Sa ee wt « LS i adele 
‘ . ’ ° ’ i. a2 hy eS ‘ a 1 "9, w of o%s a. of® har ride Ore ts aj yt + Seely tee evi , 
' " 1 one ? ’ ‘ : eo , > . & s @sceo ot! ae a "8 Pat ner e - %8 S satat Rb Otay tar, 
' 1 ’ ; eel oe 7 . ' a . ite; ° ‘ * © Pte ee) ke ifs " o%@ "98 wee be ta y 
2o— , . -° Tey oa o 4 4 ete 8 . eos “f°? eee ett ¢ ae eae tye pe ‘Varah ~~ tig tetra ye 
, F o% «6 , Liar 2 fy sft 228 > a%s® « oh on 6 8 8 OP oe "4 tn qerf’ "a ff fag, aN LY ae) ‘we a 
© ‘ . > % ® s* 8 a a | fang «tf s 18 Oo Lee | ee 8 4 Pisin es i ee ae J ¢ 4 aoFhee! ™ efi Wave) Sof PP se ee ee ee 
ha ir Ze 1 48 a4 1 7 ’ . *“. t 4.8 te _ wet %e con® r] 4° ie ee ee oe es —— 
_ > ‘ fa) a ee | ' eo? 1 wigs ee ee ee | rho ho 1 *.g a’ Sb She o tS Suds ote aa, m weit . & PIGS e 
> ' . : 4 ' o> ' ' a ae e oa . ne Te | ) eet te oe ee? hd * At op CE fi ° & * & © Pahcter Pe OS vis fog 
‘ oor Ma 6 te Og Ot Bete ze ‘ . F ys SG  % *% bStPS ge. F 2 6 Sets 2 vee tron wie woe eB 
en ‘ e. . . a, S48 ° a Sere ‘ Or A 923 1 te wes oo Grune ay 68 + ar S wie weg Ae = 
' . e ‘ eto 1 . ’ Pipe ei Cann 1 ' ae gt ' tor ate - 8 Be i LCC Sy oT Pee * * orem Pete a srry A4,0% Fees 2 
: . ‘ . ’ ar oo. . = ‘ pew 4 re Lad | 1 ao oo8 a = o emer es 9 “we “re va 
. : ° ’ . e wise ee . ' 1 one Te en i ' 5 7) & s Fibs = o me oe oS ve Ose FE: o Hl? * ei eo t 
ne . . ‘ . oro, Oot ” eras feed cee eae | ste ee ee | @ 2 6 ots ‘ J ° ° oe, Wags Ghnere #9 1 Oe 147 vv etree ° ne a 
be 2 ae » ", af") 8 . . . "4 Fy ee aang ‘4 1 1 oe (8 toy WH 14 eee Kone ral "4 tte wre ay otek er vfvtu ig ° id 
' * . : ae s 8 8 . oe ’ Pan * ’ ® * pet . a8 . ‘ye er s oe € 4,8 @* © of grr qoene a 7 | ba aS amigt 7 PEE Aen 7¢@ 
1 pees one ' oo. 8 ' ert ete, ’ © % ror e * eM “¢ e's be oe Aen ee on eee be ee 
s « one . . 8 one 7. % ’ ose . ee e . ae 1 or? we rh Ci a a7 e@ ae ¢ ¢* Fret oe ans an 2 «oF eg oa oy rive 
‘ . .¢ eee ' ‘ oubae . © oly . wee ty 8 oe he ie haat olene @ Erietteo-Page Pe ver @e* we 
a . se 48 Ce aia oe Sr m4 * 6 F; . en om, ie er ed a age ar “tse 8 «6 She ee = Ae $4. Hi i Lt al Sd Pa 
8 1 . 1 * eliee © cova ’ s A ec , "9 © one t op nett ge % wae a ee ee 
. ‘ ‘ . ' ' Let | 4 ' ' is) a ie" Se edd Ore thy O° fe oboe . oa ey 4 e i £*s 4 
oo" 1 > ae ans . ’ 1g ' 1 go. on 1 © © OO ss de of HF PU mera s acd rd ™ #2 > F,9° ie ¢ 0% } ie Cal Sarto se * 
‘ . ‘ 1 en 1 oo es ts te . ’ € . ' . oo rope ee er oe pe we a gheat 8 peace fy od Fe $9 fae robe oe we f ere rise 
: lay ' 4 . . ‘ er , Ce . Ce Le oe aa] . ' OCA ats 0G tes es ot new "one @ oh 8 ORS REPS 2 se°er e279 
e, or oe td] 1 : sens ot . o- ’ ete ene | ae) Ca | %. @ ssf ye $ ef 8 ¢8 Fe tte, pete” cg 4 . 1 @ eSe4° Lad fe Pe o PPemM_ 80 oF 
LJ . oy 8 tte a ' e . eae ° ee "@y 2 . ' o18egee Laces a oP aa? | Pig oy t ory fe Mt kate - «, | ggwerqre 
bg ' , Lar) . ’ i s ‘1° 1 ‘ A rie ar e ,reege Che a 1 #8 Mere, eit © o1' ut Cay tog) ww, gop eo 
7 x .'t . : tore . te . ' t. ’ ene 1 grok Pe e.. 2 8 pi bey 4 Jf @e of o pre ie % re a1 Mn swhg a° al aed ~ ar GO aN 
"@ " 4 ' ” . . 1° een Se > . ‘ . ‘ o« ' e¢ seraite so estwe prow e re oe 2F OF ower at oe wr Freer 
bad a . s ‘ . . r) sto @ ° . eo. eee Le ec er | set e° mm 8) 8) rips o, Meee Price °° ogee © ve ie et Ge Ce $s c 
L 1 Ties ’ ' ’ oe ' ’ one oh @ thee 6 ms a ae pf fe ow + bee go wt age _ &* t ‘ ae a A or toeogres 3 ave ea 
8 ‘ . “ot er ag eee | . on S85 iy toe eo. ror ¢ iene | eo . . ove ¢ a¢ pat OF Oboe we FO ° “i,* ri Pe. 30 wi 4 r Si 
8 ' eee ee | ’ 7 e% e ‘ oes . prac ‘ oe foes Parc! ie Cea erws o . re ° mi feet te oat ¢ corre» ryt « Ws Fad i 
‘ 8 oo La mo oe eve ’ . 1 eens ' out ' ar r) ot » ae. bh tere ey waere . fe se g*t py "epie® or 089 Ox Ane ere 
, ed . eevee ) ° ' 1 ‘ eee opp ene ‘ ' e . e Po) bee Sea oe id ree als! P OF a geey gg 6 6 ate ESP gs Of, PRE fe ¢ Pe 
s se da : e id . ot ' 1 ‘ ’ ee beette re 1 @e a ewe Ore +o misotp FOL Im 1 F.f 188 Ook PLP ORR egegs yg © . LE 6 
‘ - * - ero. Pr . ee ee ad e w Hp. ee “Ae dey © ee 180 868 0 ote 0 age Pg. 4 tage see enn we 
‘ 8 oe 8 4 8 re | ous Oa Gia OS iT} “sere , +6, 28 'e@¢ Ce EEE OE @ fe re eeg aooen ee etan lie AMER 82 = 
8 oe ’ er oer . a 1 ry ope ' sete et wv @ ate ere ge * , ae of , ? Gree Mette wom © | © > eo aeeteker e+ tas 
® s e ° e ° YS ae oe te 1 er ee ee 7 too sraeetste dh AE | ve PA ALE pet et ptety? ener te Toad 
7 1 $ re rT ace 1 eu. . e ' re er ee re | teres’ se Pri wpe g bt tO Oh rt g er ete erga Bie. * 89T © age 
' ' ‘ ’ . ' oo8 ' . ee (5.2748 ai %a- 58 1 eee ' ee ‘ # @e8 © pee ele ‘ 4 she +e Cad gee ¢ ae o erp ees 2 Le Hy Pree é 
° 1 Pars ’ ba t tte ' ot 4 ' 1 6 . ee 1 eo ‘8 eee eirgo@e - oh 940 oF ome fA,° ee owe ers cree ——— at rF 
1 m4 . ‘ ‘ 1 ts ses * ‘ ret eet Ff PER Tom ie eat) . coe 4 poten ge fe eC i dl 2 de | id rea! 20 08 EVER S RAO LS Ce 
: z 8.56 e 1. ' ‘ . Ft te ‘ ‘oe i ee e ee C7 a | ote %e8 "@¢ ee tee * ® er Pe erat t egery: ap rep oe Sra, erat 
' ' ' 8 es ’ one . ’ . . ' t . . ' oa . ° gt+e8e 6 ee Pare er tr Coe ae ee Ad ee Speers 21999 wl¥ yD Cicer 
: . ' 6 ' ' . fay aij Sane. de a6 ’ 1 rer elh ira iee eiyrecy oc oo pf wert 6 te ye Peeeeg coee et © wears Mysacr 9 ge mean cot rvs copra abe 
4 ese ’ U ' of . ‘ ' ' ' ‘ ‘8 e818 46 ' 124 e ri "Wee Ce Le A ee ee i oi a ee i ie oe | . bh ttea ML oe 
e ‘ ’ . ’ ee. . ‘ ’ Pa . ee ’ one ry ‘ ’ Mir £ + 00F 5 « oe ee of seymeever « eee «© ei. “g ¢@ Ab Sine ed = yseqee 
: : 5 e . . ’ te . se . . os oe ° = e¢ @e os ere er tte ee ee ee er 2 ee + og Pd wos rrvaiety 4 om, ¢wei 
' 7 ‘ . ' 1 1 . ote orte Ae Tie ae sae s 9° . te (La eene ’ ° tos Py Cr Ann . 0 160 18%) oe ote pore tend Re 
' toe ‘ 1 . + gt ' . aie pte tate at ae . s OF ae . cot te ¢ $a ay “pled ov y ies Pave: es 
1 1 1 eu 1 ate .8 : e ofe 8 Rucci #. 'e a eee eee Ci ee ee L © Get, gee ve 4 & ted ro104 
u 1 6 ene ’ r) eo. o oo oo ' 48 ‘ ee ed re # 9o° were ee © pesegeai® pope ¢ So pynagreey 
. ‘ . . . ’ oo ’ . re ee eT a8 * . enw rae . erat 8ten i’ ee oe we belie | *8 6 oF ree fe err-ep oe Se ed | 
8 8 1 a | 1 ’ ' ee | soe eet Ff «4% ra ry ' tore 6 t we woh ton oo wm 101ey peore', ory Lrpog Pa * eg re af ’ a vee wre ret = 
. ’ Caer ae ee ‘ ‘ . . oe . ' ret (8 a rr | et er ae a Bp t® © weg One a ore co owtas @ we Fee ade gee <Tecueg we ng? ate 
‘ , . » ’ Ce . "9 @ rite es cope + ptt wo he 6 ote Ce ee i ove egrets tore OU oe wee oo PRK elg CONE? KH Gere 
4 , Ly . 4 eon 1 oe . . oom 8) CEG: wet og et es Fo. ae ee | eo ow. oe g Ow Aderete aL secre eere Feeq aerng*e “Cy ey? 
. . e. eo. ‘ | tte 1s e a te oe i . (epee eo ooren er + ote, ‘ £ Of 980 bait Fem ps idee yoga mger’s chocge bt hgh pT ah peg 
id ’ 4 ’ . ores . . ' tee oe aie 2 es tee teeeanee . sweeter ems eo@errn we oe S96 Ole af gm Fodete copie Fiets, ¢ Me by poping fo 
. My er eeet oF 1 soe ‘ee er | _ gat 1 ’ e.g ere ne @ oe . ee © © eee oe & Pree ews Py oige oe ae =e e 
1 1 1 . qe ate ry . s ee "ere e606 onte ae etree e om Li 1! cm Tt wor a: <I 
® ‘ * oe e. eof oe ' e *pretene 1 * ,o48 tee ° Mr agogt pers aeet Sad deve t ror 
be . Md 1 . ’ + . 1 . oui ce *eetea 1 ee ees ~~ ce ee HE arse ve. | 
' ‘ ! . * 4 ee ee | ’ . . ee ee er Pe ee ee ee el | ’ “eee eolteg Pee wet, ao <= # 
. ' te 1 1 i ’ aie axe 1 a 1 e ees? opt @Cevoarvsereoee BF Come vi ges 5 58 err - ote gery 
7 : . ed se ' . ‘ of eu ‘ ete ¢@ *s £¢ . ‘ i sn Proce er sor eo@itit tpeeyg S oe Eber te appt ah ohog 
. 1 6 ’ ’ 4.4 4 of ae eo. . oe a Ce oe ee ‘ © o,e eter eer ee? 8 pte poy 8 7’ egteretyoe 1 re we BB = wens pages oot peep 
oa » 4 8 tou oe 1 . 1 i ec8e nw tertte oe Lane ee ‘ 1 Fast! Gi ETP 8 crore 15 ghip een aad bd goad 6 e 
=. 1 ot ' ' o s68 te te ef ’ est one ett e % gore erese ae Feeeee tecdit Bra ¢ cet ote: 7 wero, 
. * ‘ 4 . ‘ ‘ . . Ee tet bee eo ioe Sa ae Ce ee eer pes or eowrw ae atta pret oat wens pep eee Oi - 
Ld ’ . ee f) . ’ . . oe te 66 8 6 9 OF orev Le “we pet ow 2 eee emstg guts 
‘ oe oo4 toe . “4 1 Piers eo + ee et eet # ¢ ave ayeren vigh yale atererety sep™ Ge vte eters oper tea 4 
mk yr, ° ’ eet er. ‘ ‘ 16 ots oes . otaee . Posty 1 orn epee 209 eroe 8 Fy ¥ ps Pe A et Be ver 
. ° ‘ "6 U 4 4 te ee | a1 118 7 ota . ee Le weei pte 1 #0 6 og pr @-gtpee sg © OF rtgee Dd A ed Oe Oe od 
° e 1. Rues ‘ ee + @se ee + of @. t. eof;,*ite 0D ee | G2ge *@ranite: tee @ ieteres | er trots *f eee as yt 
‘ . i tee oo. on ers B+ @,y4 ’ “pte @F8 eteewe Ge teweper Re Bee gre 6 oe i fer or gcGho qyitatyts ¢ wee hey ° wv, 
- ' ‘ ‘ . ‘ 1 e1 ‘ e Peer | ee ee oe rptentes pate pee ee vee On ee eegehiy. 086 aoe Bee a” Oc8 gee ieee 
: . 1? oe . ‘ ‘ r ' eerie scr Ce on eoeese,ee PR pan NO LA athe ee 2 fasts Sal i Bs Sceugages FF Pe oe oe errs 
on - - 4 ® 1 1s ' ' ' es ies o1 8 eh sate “er s@r1tes ne tee Borg ot aot yg 50) We peeryewe pal Recs Lp fen 
i . U | ed ee + ’ eu ‘ . a ts» 1 ee 1 a a e %e ‘2 a eer Ged as Pere apie 1 0 Peter, F —. aS Sp @-6 wer et 
st F tte + te ie ’ 180 8 one oor ° ore 1 es ob we 0s © oheeg @ glav ere 2 OF sepeyey evP. 70 oan 
‘ . ’ 4 COny Ia ae ' ‘ ’ ‘ ’ ' 4 toe i i a ee ee oot @r 6 Bee8 oer wwe nts») oa. 
sad 7 » ‘ . ee . ‘ = 4 1 eee? i . 1 ee er | e-. wef £8 on © Seon - av! 26 wtiacs acs » ig urot Fe ere Ratt hrs 4 Be 
oe ’ U ' TY 1 . oe ee ’ é =e re oe ot 16 re ee ) ' tb © nde wee @ oe 118i Fae ry Cilla 5 @OFss REF et = ¢ opt e “ey of eee, Sie ee 
a . , . ‘ oe 48 ’ ’ . to | . ta Ora te. @ eee be tet esegneds 1 get 21 ee 8 1 we Heels aie o 8 Cer ere jayouetety steel appa | 
° ‘ 1 ee or or ' . 6 to 4 4 ‘ rr tess os . Ct ae Las i ee wee gree ree’ sie oP Ps 0 0 6 GE GTETe er tor ciate 
‘ . ‘ 4 1 1 ‘ ‘ t é ‘ 1 1 e tpeeue fo p gO thre te oe Oo 8 MP hte 8 anesete a ee ac Wh 6 rte a 1 ™gece o ee 
a] ' ° . ‘ ' ‘ » 8 1 oH of § Ceo rege te beet one dr,- PPP Pare sees in oa bear seeente 6 OBe t¥Ee a. o 3 ee eae as pogo 
. t es! ’ | . ry ad ate? . ar | ese et o § Go 8 ete © we 18M Qe re? om, © Oto % sine siete ee grieeticrpeler 
. . oe oot . 4 #006 teoerernet un ie ve © we get Somers bee gp Ow og @ Pi fem? WH arerels poe ge ys pbqrees~ coeene pavy Hitst Pym wr @ 
. e epte ou ’ 1 at ' oe ‘ . oe f Yat eta ame Tir | ) os? ’ a +o & we ? 1h ete ne Ger ohe ori prvtee o ev tane eae ew wee pops fy e 
' 3 ° . 1 ‘ ‘ go .t ae SP eon ‘ eat U) ‘ ee ee 5 oh en Be 1885 O18 1 9 GF 8 1 OPE 810 0d we HOFF Mate gaderyey MW Hees thes ve ne aw 
. ‘ eu. r ‘ @u4 ee r) o. . oe. at. e ‘ ‘ Clee oe re ec ee oe re ee ee oe 8 ay 4 Py Porte “Sel & eter ant fe race = Sf aie tp ae ops" 
eer ' os ‘ oe CTL PP Pes Tua ee | ee. ee ee i) o e1 a e% oie oem celts cae so eee Pe oe ea oe &f 
: ? ‘ . ee fics 8 Cr en) i. (0 eae eee ea 1 4 ors : + Letras oO w BP Maree 19D Viety so Ge Bre Argte gre p28 Sean 
‘ , 4 . ’ . . eevee er . tte etertoear eee gerne te a ‘Preys se pegin ae 1 Ft FP eep aera eae ete Ag ns ose 198 £8 Orr Owe ed ot pretes A apd $a 
’ . , 8 1 ia ’ e « tee ‘ ef 1 © te oot 64 + 8 @ @e ooerD pS Sta Ht Pie © & eee so © co coag pe bn | e tele 
: . ‘ ' 1 e+ te ‘ rT] ' epieve a. as 1 6 s . oa Cr a a Oe *ereectt We ees bay ge pag a ver ome we carers fa aibes o ual 
eh @ ‘ et ‘ ries | @ ‘1 too s . re ee ee} Peete Rte et 8 Me wee era ee @ FF 8 GRP w Herp ere @ ~ cm me F viet Lend 6 
‘ ‘ 1 . ’ eer ‘ ry a@efl of t r) Cae er pai Weer J rt se eee ’ Voct eyes oO Past eevee Pore’ 6 we newe e247" wew ren ove i. 
‘ ofa e a. ‘ ¢ ‘ = ar ad ae tee stee of 1s wR Cire) ee ed “@ ute @ ee hosere wate te? F* 9 Gyr ee « tate? gore 
‘ . ee to ee ‘ Oo e op ee te ce 1 e wr ee veretpes Beene ¢ Os a oe permye eo cain u 
. 4 . os ' ' a. ° . ’ 1s Ce e@ ete ta 8 Y a | eee ie ae lad eg Ort—rre'gs§ 6 Ff eUter © Orem 
— af ’ ‘ . ’ ee . 1 ott @ pea af Ce «sha NRE Ere Mee mttei ce crete ccc Make ae 6 were Tiisess Bee gre n ree 
: . ‘ e . 1 ‘ ‘ ' . te ‘ eet ote 8 ee ee | er e iT) 2 é ye Qceh 1 wwe oF fi Pcie ern Coney tt 
‘ot ‘ ’ . ‘ ‘ i ' ‘ rar ‘ > bee ‘ Ce ee ie os | vi de'e ies dade e-ven | «(SR ewE VEOe ¢ BO? atnwese “0 tree 
e ot ’ ‘4 ‘ 19 eo eta e e gtr = Bet ¢ S48 % abeores ate c= ahem t= 6 = geete —we we Morya aero’ peta 
‘ ’ ‘ . en a) eva Cn nr | oe Ge BP Ere FeVVRED a0 1 HS J. Ap hay SHoe seHe BS Mi we gosrtry’ = wTPe 
re | . ’ os ‘ ‘ Fi en .P? eee ¢* ’ eens igs — ‘O15 @oe + prow t Oo Oe ee me we eo | 0o “WOE wate 9 oo yrgre: 
4 ' oe t e e t (Pee fee aie ws } °¢@ 1e@ Gege te (9 Geo uee 1 PO Ree oveee) & eC We gers ee FE NOS CO § Fe Ere Ke 
: ® ‘ ' et ee an 1 ae ° ene ota » 1@eett cy ® 1 8 oy root otusl «e CMe geae Ge wg eter F eer aed 
1 oe ° ‘ er | ¢ . ° 8 1 ’ Ca) b] fe i.e U ew? pee PPryrs eo 9% Y FP icg wen OF eve ae rk oh Boe od be 
. 1 1 r) ‘ ’ re? @ © ts e vi e+e een e ns ee B ser rmiet oH re or vee we ee GHP esa Yeo Uw VE! 999 0998 ye 
i ‘os of to4 1 ‘ ‘eo. ’ a8 e roeat on 1 Pa Vere RAT O98 Lee Ge «CMTE Che wee OS HF FTE MNES WEY erm 
' 8 . ’ ‘ oe ’ 1 t sis ecsen e Ce @se are a Per wg te F we @ PO OF 5G EU Ved BATE VtE Hee H + enter & atest oo = 
' ' (ta ‘ . ‘ ' is Ta eves s 46 Dae, a cm # @@eneeet es he sage Seg Hort wrare gt — Se OF © Hrery Bir ee 4 OU wert oye OFF Prt eEs 
ete 1 ’ ‘ o¢ 4 @a1 SG ote GO Voy ie ‘rryse = t sae 9 °% Oe Ww eagaere Erwegr Oty 
' ’ ‘ ‘ te ‘ s r) . 8 8 ® U * 88 ene) eerie M ¥ ® Ra pa ef a) racer Vote yee Spgs Hrs? ce! erece- ooeeeye 
‘ e @ 8 Ce 4a ¢ 08 ee ep ad ott 6 GU 8 8 joy vo "eee bre ee ve 
oe ‘ ‘ ' m4 ‘ , aa) es ° e toe CO ee ee ee oe | Os ore oe aes ¢ Wy yrwre ore 8 Ts FP ersten oF 
e ! ‘ ‘ % é °6 16 ae a ee e . © 8 6 & oe 4s O96 Fe POLE Geet PH ETVOMS es PSveF we 
‘ . ’ a t» se : Ce ee en ee) 1 nw Seuseiie t 0'es Meters = ray “peeve v Meo sis hac 
e . 1 % ’ % 1 ooo 1 '‘ 48 6 @ te @eoste.é Mh + 14008 19 8 Orgs & reOl yvg¢ Bere Waite © ese regu en8 COrPryes | 
‘ 1 F ‘ o. oe 8 Bt «6 © € 09% toy tog 6 HEF pe wen ve me Th xe MD dom rig 0 Se we woe Orel 6 mmmNeN 
oe . ‘ ' ‘ a4 ® oo. eer °°. @ e ee 0 O'e WeiP etery Geprve 4 pee oo ma 198e0 Te pcrutce a om ~etwtyrete 
t ®. oe ‘ ‘ ’ Le ‘ Go Oh tee a | e0 tre o Wee WRivt ¢ o% vere ro WY Ye wre Blew 
° ' ] f) ‘ C) 8 e 7) "Pete r) Ce ee ee eed CS ave 9 t'¢ Ad i = ve i vere we @ 4 
A] ‘ 1 88 6 be edt eae e,? ee e ee $'*ente art & Die the © MMe Fey Frown s OO i =? = ¢ °r ro Fr) Foe 
' bd . ‘ ° oe ® ' re $+ 1% 86¢ se ee ee oe 1 $e YF Cr TRO yar oem e oe ws T 800 tre esrr-eet 
to. ' ' oof 1 oe ' ° a es el | a° CERO Re QO e TE Gee eee e ew | evers ae™ © ory wow 
‘ ® ry oo 4 4 ¢ ' r) et) er ie ey Ww westerns Hee Tl rim e repre OS S6OTS stu w oor 
‘ " e ° 1@ oe ee re ee ee re) ee ee, 8 r) mw 8 He —— ree se @¢ 6 e Beep rt 7 

















NAVAL POSTGRADUATE SCHOOL 
Monterey, California 





f\ [f= 4 y me | ag 
‘ ad * f 2 


The Measurements of Thermoacoustic Phenomena 
Using Thermoacoustic Couples 





by 
Ao, Chia-ning 
June 1989 


Thesis Advisor: A.A. Atchley 
Co-advisor: T. J. Hofler 


Approved for public release; distribution unlimited. 


1245587 





Inclassified 
ecurity Classification of this page 


REPORT DOCUMENTATION PAGE 
a_Report Security Classification Unclassified 





a Security Classification Authority 3. Distribution Availability of Report 
b Declassification/Downgrading Schedule Approved for public release; distribution is unlimited. 
_ Performing Organization Report Number(s p Org : : 
a Name of Performing Organization 6b Office Symbol 7a Name of Monitoring Organization 
Yaval Postgraduate School Naval Postgraduate School 
c Address (city, state, and ZIP code) 7b Address (city, state, and ZIP code) 
Aonterey, CA 93943-5000 Monterey, CA 93943-5000 
If Applicable 
c Address (city, state, and ZIP code) 


Program Element Number | Project No | Task No | Work Unit Accession No 


1 Title (Include Security Classification) The Measurements of Thermoacoustic Phenomena Using Thermoacoustic 
‘ouples 
2 Personal Author(s) Ao, Chia-nin 


3a Type of Report 13b Time Covered 14 Date of Report (year, month,day) 15 Page Count 
tasters Thesis [fom To 
6 Supplementary Notation The views expressed in this thesis are those of the author and do not reflect the official 

olicy or position of the Department of Defense or the U.S. Government. 


7 Cosati Codes _ 18 Subject Terms (continue on reverse if necessary and identify by block number) 
ield Subgroup Acoustics, Thermoacoustics, Thermoacoustic Heat Transport 


9 Abstract (continue on reverse if necessary and identify by block number 

Thermoacoustic heat transport and its applications, such as thermoacoustic engines and refrigerators, have 
een discussed in a number of articles over the past several years. However, lacking from these articles is a 
lorough, quantitative experimental investigation of the basic theory underlying thermoacoustic heat transport. 
uch an investigation is the purpose of this thesis. A logical starting point for such a study is to investigate the 
implest class of thermoacoustic engine - a stack of short plates referred to as a ThermoAcoustic Couple, or TAC. 
he utility of this choice is that the theory can be reduced to its simplest form for analysis of the results. The 
ssults of measurements of thermoacoustically generated temperature gradients in TACs subjected to acoustic 
fanding waves are reported. The value of the temperature gradient, which results from an acoustically generated 
ntropy flow in the gas in thermal contact with the plate, is a function of the acoustic pressure amplitude, the mean 
as pressure, the Prandtl number of the gas, the configuration of the TAC, and its position in the standing wave. 
Jeasurements were made with a computer controlled apparatus for drive ratios (the ratio of the acoustic pressure 


: 


mplitude to the mean pressure of the gas) from approximately 0.1 to 2%, in argon and helium having mean 
ressures from approximately 0.1 to 0.3 MPa, for three different TACs as a function of their positions in the 
sanding wave. The results are compared with predictions based on a theory by Wheatley et al [J. Acoust. Soc. 
m. 74, 153-170 (1983)]. Three distinct regions of behavior are apparent over the range of drive ratios 
vestigated. For drive ratios less than approximately 0.4%, there is overall good agreement between theory and 
leasurement. For drive ratios between approximately 0.4 and 1%, the agreement diminishes almost linearly with 
icreasing drive ratio. For drive ratios greater than approximately 1%, irregularities appear in the temperature 
ifference data series and the discrepancy between theory and measurement generally remains approximately 


onstant, although some variations occur. 





9 Distribution/Availability of Abstract 21 Abstract Security Classification 

unclassified/unlimited [] same as repon [] DTIC users Unclassified 

2a Name of Responsible Individual 22b Telephone (Include Area code) 22¢ Office Symbol] 
nthony A. Atchley (408) 646-2848 
D FORM 1473, 84 MAR 83 APR edition may be used until exhausted secunty Classification of this page 





All other editions are obsolete Unclassified 


Approved for public release; distribution is unlimited. 


The measurements of Thermoacoustic Phenomena Using 
Thermoacoustic Couples 


by 
Ao, Chia-ning 


Lieutenant, Taiwan navy 
B.S., Chinese Naval Academy on Taiwan, 1981 


Submitted in partial fulfillment of the requirernents for 
the degree of 
MASTER OF SCIENCE IN ENGINEERING ACOUSTICS 
from the 


NAVAL POSTGRADUATE SCHOOL 
June 1989 


ABSTRACT 


Thermoacoustic heat transport and its applications, such as thermoacoustic 
engines and refrigerators, have been discussed in a number of articles over the 
past several years. However, lacking from these articles is a thorough, 
quantitative experimental investigation of the basic theory underlying 
thermoacoustic heat transport. Such an investigation is the purpose of this thesis. 
A logical starting point for such a study is to investigate the simplest class of 
thermoacoustic engine - a Stack of short plates referred to as a ThermoAcoustic 
Couple, or TAC. The utility of this choice is that the theory can be reduced to its 
simplest form for analysis of the results. The results of measurements of 
thermoacoustically generated temperature gradients in TACs subjected to 
acoustic standing waves are reported. The value of the temperature gradient, 
which results from an acoustically generated entropy flow in the gas in thermal 
contact with the plate, 1s a function of the acoustic pressure amplitude, the mean 
gas pressure, the Prandtl number of the gas, the configuration of the TAC, and its 
position in the standing wave. Measurements were made with a computer 
controlled apparatus for drive ratios (the ratio of the acoustic pressure amplitude 
to the mean pressure of the gas) from approximately 0.1 to 2%, in argon and 
helium having mean pressures from approximately 0.1 to 0.3 MPa, for three 
different TACs as a function of their positions in the standing wave. The results 
are compared with predictions based on a theory by Wheatley et al [J. Acoust. 
soc. Am. 74, 153-170 (1983)]. Three distinct regions of behavior are apparent 
over the range of drive ratios investigated. For drive ratios less than 


approximately 0.4%, there is overall good agreement between theory and 


measurement. For drive ratios between approximately 0.4 and 1%, the 
agreement diminishes almost linearly with increasing drive ratio. For drive ratios 
greater than approximately 1%, irregularities appear in the temperature 
difference data series and the discrepancy between theory and measurement 


generally remains approximately constant, although some variations occur. 
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I. INTRODUCTION 


Thermoacoustic heat transport, the thermoacoustic engine, and its 
applications have been discussed in a number of articles over the past several 
years [Ref. 1—6]. Lacking from these articles is a thorough, quantitative 
experimental investigation of the basic theory underlying thermoacoustic heat 
transport. A logical starting point for such a study is to investigate the simplest 
class of thermoacoustic engine — a stack of short plates referred to as a 
ThermoAcousticCouple, or TAC. The utility of this choice is that the theory can 
be reduced to its simplest form for analysis of the results. The purpose of this 
thesis is to report the results of a set of measurements on such an engine, along 
with a quantitative comparison with theory. 

The first measurements of the thermoacoustic effect using a TAC were 
performed by Wheatley, et al.[Ref. 1—3] They measured the temperature 
difference developed across a TAC as a function of its position in an acoustic 
standing wave. Atrelatively low values of the drive ratio (the ratio of the acoustic 
pressure amplitude to the mean pressure of the gas), the temperature difference 
across the TAC is a nearly sinusoidal function of its position in the standing wave. 
The zeros in the temperature difference occur at both pressure and velocity 
nodes (or antinodes); and, the hot end of the TAC is always closer to the nearest 
pressure antinode. Although they developed a theoretical expression for the 
temperature difference [Ref. 6], Wheatley, et al attempted little quantitative 
comparison of their results with theory. As they state, the purpose of their 
measurements was only to give them confidence that they understood the general 


features of thermoacoustic heat transport, before exploring more complex 


engines. Their quantitative comparisons were limited to a single region in the 
standing wave (near a pressure node) and to low values of the drive ratio. 

All of Wheatley et al's published results were made at nearly equal values of 
the drive ratio, the value being approximately 3 x 10°. However, they did discuss 
the effect of increasing the drive ratio. As the drive ratio “increases, the 
[temperature difference] changes from the nearly perfect sinusoid .. . to 
something closer to a sawtooth shape, with the maxima (minima) shifted to be 
near the pressure antinodes. There are still zeros at velocity and pressure 
antinodes, but the slope of the curve is very steep and negative at the pressure 
antinodes [Ref. 2]. They go on to provide a theoretical explanation for this 
behavior. 

In light of this previous work, we have undertaken a quantitative investigation 
of thermoacoustic heat transport. The results of the initial phase of this work are 
reported here. In particular, we have measured the temperature difference 
developed across short stacks of plates in acoustic standing waves as a function 
of the position of the plates in the acoustic field, the drive ratio, the plate 
configuration, the thermal properties of the plates, and the thermophysical 
properties of the gas. The specific aim of these measurements 1s to first verify the 
theory developed by Wheatley et al by comparing it to measured results at low 
drive ratios. Secondly, the comparisons will be extended to high drive ratios. 
These latter comparisons are especially interesting, because commercially useful 
thermoacoustic devices will likely operate at high drive ratios. 

The thermoacoustic effect is described in the next chapter, along with a 
discussion of Wheatley's et al equation for the temperature difference developed 


across a TAC, which will be used to analyze the results of our measurements. A - 


description of the experimental apparatus and the procedure for making the 
measurements are explained in Chapter III. The results of the measurements are 
analyzed in Chapter IV. The final chapter contains a summary of the thesis and 


recommendations for future work. 


II. THEORY 


A. INTRODUCTION 

The stack of plates is a rather simple structure, which may function either as 
a prime mover (a motor producing work), or as a heat pump (e.g. a refrigerator). 
This chapter is organized as follows: first, a description of the thermoacoustic 
effect in a thermally driven oscillator (prime mover) is given and, second, the 
operation of a thermoacoustic heat pump is described. Basically, a large 
temperature gradient imposed on the stack of plates will generate an acoustic 
standing wave, with the thermal energy stored in the plates being transferred to 
the energy of the standing wave. The operation of the heat pump is the functional 
reverse of the prime mover. An acoustic standing wave imposed on a stack of 
plates will cause a temperature gradient to develop, with the acoustic energy 
being transferred to the thermal energy of the plates. After this discussion an 
equation for the temperature difference across the plates, AT, will be introduced 


which was obtained from Wheatley [Ref. 2 Eq.17]. 


B. THERMOACOUSTIC EFFECT 

Each plate is assumed to have a sufficiently large temperature gradient, VT, 
across it with no heat conduction in the longitudinal (wave propagation) direction. 
Consider a small parcel of gas located one thermal penetration depth from a plate 
and initially having the same temperature, Tm, as the portion of the plate adjacent 
to it. When VT is large enough, this gas parcel will spontaneously oscillate at the 


resonance frequency of the acoustic system. The plates act as a source of ’ 


energy that generates the acoustic standing wave. Thus the plates function as a 
prime mover, generating acoustic work. The functional diagram of the prime 


mover is shown in Fig. 1. 
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The function of the prime mover may be simply descnbed by the following 


table : 


(1) A stack of plates must be installed in the resonator and the material of those 
plates should be of low thermal conductivity. 


(2) The temperature gradient in the stack should be sufficiently large and 


oriented such that the cooler end of the stack is adjacent to a velocity 
antinode of the standing wave and the hotter end adjacent to a pressure 
antinode. 





Table 1 


Next, the functional reverse of the preceding phenomena is considered. 
Assume there is no temperature gradient in the stack. Acoustic energy iS 
supplied to the resonator by a source operating at a frequency corresponding to a 
resonant mode. A simple duct with a stack of plates is illustrated in Fig. 2. There 
will be as many plates in parallel as possible, consistent with optimum efficiency. 
The plate length is short compared with both the resonant tube and the radian 
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length of the acoustic wave A, where A= 2. = (a 
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Fig. 2 A simplified illustration of the resonator and stack. 


The gas parcels will oscillate with the driving frequency and transport heat 
from one end of the plate to the other and eventually establish a temperature 


gradient. A functional diagram of the heat pump is shown in Fig. 3. 
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Fig. 3 Heat pump (I<1) 


In order to understand this effect, the heat pumping cycle between a single 
plate and a gas parcel may be observed in microscopic view. For ease of 
description, we will assume an articulated motion of the parcel rather than a 
sinusoidal motion, and all viscous effects are neglected. The four stages of the 


heat exchanging cycle are illustrated in Fig. 4(a) and 4(b). 
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Fig. 4(a) Microscopic view of the heat exchange between the single plate 
and the gas particle 
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W = acoustic energy 
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Fig. 4(b) P-V diagram of the cycle is half heat-exchange & half without 
heat exchange 


The phenomena occurting in a complete cycle are listed in Table 2. 


| Description of the Phenomena 


1—2 |(a) The acoustic energy is supplied to the resonant tube and the gas 
parcel is excited and displaced toward the pressure antinode by an 
amount X}. 
(b) The compression process is adiabatic. 












(c) The pressure increases from P to P+AP. 


(d) The temperature increases from Tm, to Tm+T 
(a) An amount of heat dQ flows from the gas parcel to the plate 
(b) The heat exchange process is isobaric. 

(c) The pressure is unchanged. 

(d) The temperature decreases from TmtT to Tm+T-5T 


(a) The gas parcel is displaced back toward the pressure node by an 










2—3 
















amount A). 










(b) The expansion process is adiabatic. 
(c) The pressure decreases from P+AP to P. 
(d) The temperature decreases from T,,+T-8T to T,,-dT 


(a) An amount of heat dQ flows from the plate to the gas parcel 
(b) The heat exchange process 1s isobaric. 

(c) The pressure is unchanged. 

(d) The temperature increases from T,-6T to Tm 



















Table 2 


OT is the temperature change in the gas due to the heat flow process and T is 
the temperature change in gas due to the adiabatic compression or expansion 
process. The heat flow dQ 1s proportional to the temperature difference between 
the gas parcel and the portion of the plate adjacent to the parcel, during the heat 
exchange parts of the cycle. For example, the temperature of the plate at a point 
may be T,,+X,VT and the temperature of the gas parcel is T,,+T, Then the heat 
flux dQ 1s 

dQ « AT 


and 


AT =- [T plate ‘ T ges] 
—— [(Tm+X1VT) -(Tm+T) | 





=T -X,VT 
rae 
X) 
, VT 
er VTan? 
=T(1-T) Eq.(1) 
where 
oh Ane 
T= sul Ref. 2 Eq.4 (2 
PmCp | [Ref. 2 Eq.4] Eq.(2) 
and 


Tm= mean absolute temperature; 
(3 = isobaric expansion coefficient 
C, = specific heat of constant gas pressure 
Om = density of gas 
P, = acoustic pressure amplitude (or the adiabatic pressure change) 
For an ideal gas the product T,,8 equals unity. 
The value for VT which makes AT=0 in Eq.(1) is known as the critical 


gradient so that, 


VT 
je VT. , Eq.(3) 
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and VT. is the maximum temperature gradient that can be acoustically induced 
on to this plate 1.e. 


T' 


It is the boundary between the heat pump and prime mover. 

The result after each cycle is that the gas parcel has transferred a small 
amount of heat dQ over a short distance X;. The deposited heat is picked up by 
an adjacent parcel and moved still further during the subsequent cycles. The heat 
is shuttled down the plate, toward the pressure antinode until it reaches the end of 
the plate. It collects there until it is conducted back through the plate and the 
Surrounding gas. 

When the cycle operates continuously, it will heat up or cool down the tube on 
either side of the stack. That is, the ngid end (pressure antinode and velocity 
node) will be heated up and the other end will be cooled down. The stack acts as 
a heat engine of the heat pump type. The requirements for the refngeration 


phenomena are listed in the following table: 


(1) A stack of plates must be installed in the resonator and the material of each 
(3) Because of the acoustic resonance, the temperature gradient (VT) will 


increase, so that one end of the resonator will become colder and the other 
end will become hotter. 







Table 3 


1] 


The entropy flow (AS) occuring in a complete cycle are listed as follows: 






Description of the Phenomena 


1—2 | (1) Adiabatic compression process 
(2) Sy=S2 ; AS=0 


2—3 | (1) Isobaric heat exchange process 


(2) AS= S3- S2= 


41] 























(1) Adiabatic expansion process 
(2) Sy= S2 ; AS=0 


(3) The left side of the plate loses entropy AS. 
Table 4 


The result after each cycle is that the left and right portions of the plate, 
located at the extreme position of parcel motion, will have an entropy difference 
of at least 2AS. During a single cycle, entropy is transferred by the isobaric 
process 2—3 and 4-41. The entropy increment per unit mass from left to mght 1s 
then approximated by [Ref. 2 Eq.14a] 

Ty 


e Cc 
AS 7 -T(I-1) = yea P,(I-1) Eq.(5) 


fe 


And the steady entropy flow is 


S =PmVAS, where V is the volume velocity. 


The configuration in Fig. 5 shows a solid plate with length AX, width 1 and 


negligible thickness. The length AX is aligned along the x-axis and an ordinary 
acoustic standing wave is directed along X in the gas around the plate. The only 
way that the heat can be transported along X is by the hydrodynamic transport of 
entropy, carried by the oscillatory velocity u;. In the Y direction, the heat-flux 
density is the largest at about a distance 6, from the surface of the plate. We have 


defined the plate width as wv because a cross-section perpendicular to X through 


the plate reveals a perimeter []. Then the cross-sectional area for heat flux along 


X is TT6. 


res ( a * Ox)top + ( uy Otome = Lox [Ref. 6 p.17 Fig. 9] 





NW WW” 


Fig. 5 Thermal penetration depth of the gas around the plate [Ref. 6 P.11 
and Fig. 9] 
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The thermodynamically active volume velocity is V « []6,u, Eq.(6) 
where u, is the acoustic particle velocity. 


According to the definition of the entropy : 


6S= o Eq.(7) 


we then have 


Tm 
6Q = dSTn= PmVAST nm &< —Pmi 15,0; Oe P\(T-1)T 
= -[]0.Tn Bpiui(T-1) 
[Ref. 2 Eq.15] Eq.(8) 
Tb , a | 
The term a determines the adiabatic temperature change per unit 
mp 


pressure change and []6, is the volume of the gas-plate thermal interaction. The 
quantity (I’-1) indicates how the entropy flow depends on the temperature 
gradient and that when VT = VTi, the entropy flow is zero. 

The total heat flux Q is proportional to [] but independent of the plate length 
AX. The temperature difference AT is correlated to the acoustic pressure and 


gas parcel velocity. In the case when VT << VTgit, we have 


ATe<p,u; 

and 
Pi=Po cos(kx) e! [Ref. 6 Eq.10} 
U;=Uo sin(kx) el Fq.(9) 


where k is the wave number, x is the displacement from the closed end of the tube 
and Po , Up are the magnitude of the pressure and velocity respectively. 

At the rigid end (i.e. at x=0), p; has the maximum value while u, has the 
minimum value. They are 90° out of phase with respect to each other. Ignoring 


the time dependence term ein p, and u, and multiplying them together gives, 


' le 
P1U)= Poo Cos(kx) sin(kx) = poo 5 Sin(2kx) Eq.(10) 


“, AT e& polo sin(2kx) Eq.(11) 
and the temperature gradient of whole section of the TAC length (AX) will be: 
VT = a Eq.(12) 

At either a pressure node or a velocity node AT will be zero. The relationship 
among the acoustic pressure, particle velocity and the temperature difference 1S 
graphically shown in Fig. 6. 

Consider the fact that the heat flow is always in the direction towards the 
nearest pressure antinode. This is expected since, as a parcel of gas is moved in 
the direction towards a pressure antinode, the parcel is compressed and its 
resulting increased temperature will cause heat to be transferred to the plate. If 
the parcel is moved toward a pressure node, it will expand and its resulting lower 
temperature will cause heat to be removed from the plate. In order to measure 
AT on the plates, a thermopile is laminated in the central plate, and the whole 


stack is called a “thermoacoustic couple" or "TAC". 
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Fig. 6 The amplitude distribution of p; ,u,; and AT in the resonant tube 


and their phased are assigned by + sign. 
Aside from the heat flux, the work flux, i.e. the acoustic power, is also 
important. Ignoring the viscosity, the acoustic work w is given by the area of the 
p-v diagram of Fig. 4(b). 


=PdV Eq. (13) 


The total acoustic power W dissipated by the plate can be calculate by 


integrating over all the gas parcels dxdydz along the plate. 


eer) [Ref. 6 Eq.37] Eq.(14) 
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So the acoustic power is proportional to the plate length AX and the total 


energy flow H is then the sum of work flow and heat flow. 
H=Q+W Eq.(15) 


At the rigid end, the pressure is a maximum (called pressure antinode) and at 
the open end where there is a pressure release, the pressure is a minimum (called 
a pressure node). A common term (I-1) exists in both equations for Q and W 
given in Eq.(7) and (14). 

When I<1 (or when VT<VT,,;,), then Q is positive and the heat flux is 
directed toward the pressure antinode so the open end will become cooler and the 
closed end will become hotter. In this case, the acoustic power W is dissipated by 
the gas parcels near the plates. The plates function as a heat pump. This is 


illustrated in Fig. 7, for which 
AT= 12-7; = Tho - Tota Eq.(16) 


is obviously a positive value. This may be proved by the measurement of AT. A 
positive half cycle appears when the TAC is moving away from a pressure 
antinode, as shown in Fig. 20. 

The prime mover functions as follows: When I>1 (or when VT>VT,;,), then 
Q is negative and the heat flux is directed toward the pressure node. This tends to 
make the hot closed end less hot and the cold open end less cold. In this case, 
acoustic power W is generated by the gas parcels near the plates. The plates 


function as a prime mover. This is illustrated in Fig. 8, for which 


17 


AT= T2 -T, = Tooig = net Eq.(17) 


is obviously a negative value. 






















stack of plates resonant 
tube 
this end > ita 
cools down |C heats up 
| | 
opened end rigid end 
Fig.7 When I<1, the TAC is a heat pump. 
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Fig.8 when I'>1, the TAC is a prime mover 
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When T=1 (or when VT=VT,,;,), no heat transfer takes place. The gas 
parcel is compressed and expanded causing its temperature to increase and 
decrease as it moves. With this temperature gradient in the plate, there is no 
temperature difference between the parcel and the portion of the plate adjacent 
to it. 

In our investigation, there are no temperature gradients in the beginning. 
When IT=0, the heat flow initially has a large positive value. This causes the 
temperature gradient across the plate to increase toward the value of VT git. 
However, there is a return heat flow Q, caused by this gradient and the thermal 


conductivity of the plate material, which is given by: 
Q, =KAVT Eq.(18) 
So the net heat flow of the whole system Qype, will be 


er 0 - QO; Eq.(19) 
= 116.Tm Bpiuy(1-T) - KAVT 


At steady state, Q=Q,, and Qpye, =0, so VT will increase only until a steady 


State 1S achieved. 


The equation for temperature difference across the TAC, derived by 


Wheatley (Ref. 6 Eq.17] , is: 


l 
anne 


sin(“2%) 
( Pint (ase ae (1+6)) 
AT = 2 
(1458, (1-0) 20x 
1-00 os(—_) ) 
(4 (5) pp AX (y-1) (I-89) 
Eq.(20) 
where 
AT = temperature difference across the plate 
Po = peak acoustic pressure of the driver 
6, = thermal penetration depth 
Oo = Prandtl number of the gas 
Y = specific heat ratio of the gas (= = 
AX = plate length 
Tm = mean ambient temperature 
Om = mean density of the gas [Ref. 7] 


c = sound velocity in the gas 

® = angular frequency 

x = TAC center position measured from the closed end of the tube 
K = thermal conductivity 


d2 = thickness of the plate 
The term Kd2 will be a function of the properties of the gas and the plate. For 


example, if a G-10 fiber glass and stainless steel laminated plate is used, then the 


term Kd will be 
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Kd2 = Kgas pas + Kigdegt+ Kesdcs + Kgasdgas Eg.(21) 


= Kegdegt Kegs + Kgas*(Spacing) 
Since the gas path on each side of the plate is one half of the plate separation, 
the K,asd,a; term appears twice. This means the combination of the upper and 
lower side gas path thickness will be equal to a plate separation, i.e. 


2*d,,; = the separation distance between two plates Eg .(22) 


Measurements were made on a TAC that was mounted on a probe and 


moves along the resonant tube. The results will be compared to the theory given 


by Eq. (20). 
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III. EXPERIMENTAL APPARATUS AND PROCEDURE 


A. INTRODUCTION 

A description of the experimental apparatus is given in this chapter along with 
a discussion of the procedure followed during data acquisition. The discussion of 
the apparatus will be divided into the following sections: the TACs; the TAC 
probe and associated electrical wiring; the resonator tube and the acoustic driver 
housing; the TAC positioning system; and the electronic instrumentation. The 


experimental procedure is discussed in the final section. 


B. EXPERIMENTAL APPARATUS 


1. Thermoacoustic Couples (TACs) 

Three TAC’s were used in these measurements. A description of the 
individual TACs are given in Tables 5, 6, and 7. The plates of TAC #1 are G-10 
fiberglass, while those of TACs #2 and #3 are a lamination of 302 stainless steel 
and G-10 fiberglass epoxied together. As shown in Fig. 9, each TAC consisted 
of a stack of five plates separated by approximately 1.5mm. _ The center plate of 
each stack 1s a lamination of two plates. A thermopile, consisting of several 
thermocouple junctions in series, is located between these two plates. The 
thermopiles used on these TACs had either four or five junctions. The purpose of 
the thermopile is to provide more temperature difference measuring sensitivity. 


In order to determine the temperature difference developed across the TAC, the 


aj 


thermopile output is measured. The measured voltage is divided by the number of 
thermocouples comprising the thermopile (N) and then divided by the sensitivity 
(in V/°C) of the particular type of thermocouple used. Type E, chromel- 
constantan, thermocouples are used in these measurements. Aside from the 
thermopile, a single thermocouple is mounted on the plate next to the center plate 


to allow measurement of the temperature of the TAC. 


Upper layer ¢ AISI-302 stainless steel 
¢ Size: 6.85 mm long * 25.3 mm wide * 0.0889 mm thick 


W 
¢ Thermal conductivity : 11.8 ake [Ref. 10] 


Lower layer ¢ G-10 fiberglass 
¢ Size: 6.85 mm long * 25.3 mm wide * 0.1016 mm thick 
¢ Thermal conductivity : 0.48 ~4 


¢ Thermopile junction pairs number N=5 

« Thermocouple wire diameter : 0.0254 mm (0.001") 
¢ Number of plates : 5 

¢Thickness of the TAC : 8.15 mm 





¢ Spacing in between any two adjacent plates : 1.52 mm 


Table 5 The specification of the TAC#3 


ie 


TAC#2 


Upper layer ¢ AISI-302 stainless steel 
¢ Size: 6.8 mm long * 25.3 mm wide * 0.0889 mm thick 
¢ Thermal conductivity : 11.8 ~ [Ref. 10] 
Lower layer ¢ G-10 fiberglass 
¢ Size: 6.8 mm long * 25.3 mm wide * 0.1778 mm thick 
¢ Thermal conductivity : 0.48 me 


¢ Thermopile junction pairs number N=5 














¢ Thermocouple wire diameter : 0.0762 mm (0.003") 





¢ Number of plates : 5 





¢Thickness of the TAC : 7.7 mm _ 
¢ Spacing in between any two adjacent plates : 1.52 mm 


Table 6 The specification of the TAC#2 


Upper layer ¢ G-10 fiberglass 
¢ Size: 10 mm long * 25.4 mm wide * 0.33 mm thick 


e. W 
* Thermal conductivity : 0.48 — 4 


¢ The same G-10 fiberglass as the upper layer 


¢ Thermopile junction pairs number N=4 


¢ Number of plates : 5 | 
¢Thickness of the TAC : 8.15 mm 





¢ Spacing in between any two adjacent plates :1.53 mm 


Table 7 The specification of the TAC#1 
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Fig.9 The structure of the TAC and the enlarged view of the central plate 


lamination 
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2. TAC Probe 

The TAC must be moved along the axis of a resonant tube in these 
measurements. In order to accomplish this positioning, the TAC is mounted on to 
the end of a hollow 1/8 inch OD stainless steel tube, called the TAC probe. The 
mounting bracket is illustrated in Fig. 10. An Endevco Model 8550m1 
microphone is also mounted on this bracket to allow measurement of the acoustic 
pressure experienced by the TAC. The various wires associated with the TAC 
and the microphone pass through the hollow tube and exit into the tail section of 
the probe. A pressure tight feedthrough connector is connected to the probe tube 
via Swagelok fittings. The feedthrough allows for external electrical connections 
without loss of pressure in the resonator tube and driver housing. The 
feedthrough connector is illustrated in Figs. 11 and 12. The TAC probe passes 
through a pressure tight O-ring connector located in the closed end of the 


resonator tube. 
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Fig. 10 The structure relationship of the TAC, microphone and probe 
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Fig. 11 The anatomy view of the probe tail portion 
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Fig. 12 The structure of the probe tail portion 
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3. Resonator Tube and Acoustic Driver Housing 

The purpose of these measurements is to investigate the temperature 
difference developed across a TAC located within an acoustic standing wave. 
The standing wave is set up with a JBL Model—2445J compression driver 
located within a pressure housing. The driver housing is bolted via a brass flange 
to the end of a 1.217 m long 3.8 cm diameter copper tube, called the resonator 
tube. The other end of the resonator tube is also flanged. A brass plate is bolted 
to this flange and forms the closed end of the resonator. This brass plate contains 
the connector through which the probe tube passes. It also houses an Endevco 
Model 8510B-5 high intensity pressure transducer, which is used to monitor the 
acoustic pressure at the closed end. The entire length of the resonator is 
Surrounded by a 7.6 cm diameter brass tube. Water is circulated, with a Neslab 
Model RTE-110 circulation temperature control bath, through the region between 
the two tubes in order to maintain a uniform temperature along the resonator tube. 
The water is also circulated around the driver housing through flexible plastic 
tubing. The resonator and driver housing are illustrated in Figs. 13 and 14. The 


TAC is centered in the resonator with a spring-loaded tripod pictured in Fig. 15. 
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Fig. 14 The anatomy side view of the experiment setup 
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Fig. 15 The tripod fit for probe along with the duct inner diameter 


4. TAC Positioning System 
The TAC and probe are positioned within the resonator with a 
Compumotor Model M83-135 computer controlled stepper motor (25,000 
steps/rev.) and a Compumotor Model 2100 indexer. The shaft of the stepper 
motor is connected to a lead screw, which in turn is connected to the probe 
through a traveling bracket. The motor, lead screw, and resonator are attached 
to an aluminum I-beam to provide mnigidity and alignment. The integrated 


positioning system is depicted in Fig. 16. 
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Fig. 16 The integration view of the experimental set up 
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5. Electronic Instrumentation 

An instrument controlling and data acquisition program was written in 
QuickBASIC and was run by an IBM AT compatible computer. The function 
generator, the multimeter and the indexer were directly connected to the 
computer with GPIB cable individually. Through the program command 
execution, the function generator supplies the acoustic amplitude and frequency 
to the speaker; the indexer controls the movement of the stepper motor; and the 
multimeter collects all the data from the sensor terminals. An oscilloscope was 
used to monitor the source and output of the speaker. The signal analyzer was 
used to analyze the spectrum of the frequency distribution, through which a 
proper resonance frequency can be picked before the experiment is executed. 
The temperature reference for the multimeter was set up with an isothermal] 
block, using a 4-wire method to measure the isothermal block temperature by 
means of a thermistor. The isothermal block is a common temperature reference 
base for the tube temperature and TAC. Fig. 17 is the block diagram of the 
electrical] data acquisition system. The temperature reference and measurement 


circuits are shown in Fig. 18. 
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Fig. 17 The electrical data acquisition system 
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Fig. 18 The utilization of the TAC and temperature sensors in 
experiment system 
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C. EXPERIMENTAL PROCEDURE 

Before the data acquisition is started, the water circulator was turned on and 
set with a constant temperature. For a series of experiments run with same type 
of gas and gas pressure, a constant environment temperature will be very helpful 
for the analysis of the results. The system will be pumped down and refilled with 
either Helium or Argon several times. Approximate resonance frequencies are 
determined next by driving the JBL-2445J speaker with the noise source of the 
signal analyzer. The rigid wall Endevco output then fed back into the signal 
analyzer. The displayed signal peaks among the frequency distribution spectrum 
denote the resonance frequencies corresponding to the resonant modes of the 
duct. The JBL speaker input source is now changed to the function generator 
which is set to individual resonance frequencies to check for interference 
between those resonances and higher harmonics of the driver signal. 

The gain on the source voltage amplifier was set to a proper range according 
to the requirements of the drive ratio (Pa¢/Pgas). 

Automated data acquisition now starts. The program initially reads voltages 
from the gas pressure transducer and directly converts them to pressure. The 
reference temperature is then read directly from the multimeter and converted to 
a effective reference voltage through a polynomial. The low order polynomial 
was numerically determined from NBS Thermocouple Table over the limited 
temperature range of interest. Voltages from both the tube thermistor and TAC 
are read, added to the effective reference voltage, and converted to temperatures 
by an inverse polynomial. The driver voltage amplitude is set on the function 
generator and a search is made for resonance frequency by stepping on both 


sides of the previously determined natural frequency and reading the resultant 
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acoustic pressure amplitude. The frequency producing the highest acoustic 
pressure amplitude is selected and set in the function generator. 

Once the preliminary readings are finished and the function generator set, the 
data run commences by reading the TAC output voltage and converting it to a 
temperature as discussed above. Then the TAC temperature difference (AT) 


will be converted from TAC output voltage as following: 


AT = NQ-=N dV Eq.(23) 


where 
V = TAC output voltage 
N = number of junctions in TAC thermopile 


dV 
qr = the sensitivity of the type E (Chromel-Constantan junction) 


thermocouple 

The TAC is then moved to the next position with 7 mm interval and a wait 
time of 45 seconds, activated and then readings are taken. The subsequent data 
runs were made at conStant Static pressure and increasing acoustic pressure by 
resetting the indexer to the home position and incrementing the driver voltage 


gain on the power amplifier. 
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IV. RESULTS AND DISUCSSION 


A. INTRODUCTION 

As described in the previous chapter, the data for this experiment consisted of 
measurements of the temperature difference across various TACs as a function 
of their position in the standing wave, the type of gas, the mean pressure of the 
gas, and the acoustic pressure amplitude. The results of these measurements are 


presented and discussed in this chapter. 


B. RESULTS AND DISCUSSION 

A typical experimental result for a low value of the drive ratio 1s presented in 
Fig. 19. Two curves are displayed on the graph. The dashed curve represents 
the magnitude of the acoustic pressure (in kPa) as measured with the microphone 
mounted next to the TAC as a function of the distance x of the center of the TAC 
from the closed end of the resonator. The value of the pressure magnitude is read 
using the right-hand ordinate. The solid curve represents the measured 
temperature difference across the TAC (in °C) also plotted as a function of x. 
The value of the temperature difference is read using the left-hand ordinate. In 
order to facilitate comparison with theory, however, we need to know how the 
temperature difference depends on the position of the TAC relative to the 
Standing wave, rather than on the TAC’s position relative to the closed end of the 
tube. In other words, we need the temperature difference as a function of kx 


rather than x. 
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Ideally, x = 0 m would coincide with the closed end of the tube and, therefore, 
a pressure antinode. However, if there is an error in measuring the initial distance 
from the center of the TAC to the closed end of the tube or if the acoustic 
impedance of the resonator departs from that of the ideal case, this coincidence 
may not occur. We have chosen to avoid such complications by assuming that 
the position of the pressure node nearest the closed end should correspond to kx = 


3 . The assumed position of the pressure node is then x,y. = 4 = i . Using the 


measured value of the frequency and the thermodynamic value of Cc, Xpoqe can be 
calculated. This value is then used to calibrate the x measurements by forcing the 
measured position of the pressure node to equal x,oqe. There are two ways to 
estimate the position of the pressure node. The first 1s to measure the magnitude 
of the pressure as a function of x, as displayed in Fig. 19, and then locate the 
position of the minimum. However, due to electrical interference between the 
microphone and the TAC, we were unable to measure the acoustic pressure 
magnitude and the temperature difference simultaneously. Hence, in order to 
acquire both quantities two data runs would have to be made for each set of 
acouStic parameters. In many circumstances, two data runs were made and the 
position of the pressure node determined as just described. However, a second 
method proved to be just as accurate and more time efficient. 

The temperature difference is proportional to the product of acoustic pressure 
and particle velocity. Hence, when either of these quantities is zero so is the 
temperature difference. Therefore, the second method of locating the position of 
the pressure node is to locate the position of the zero in temperature difference. 
Close examination of Fig. 19 shows that the pressure node and the zero in the 


temperature difference are not exactly coincident. They are separated by 


4] 


approximately 4 mm. Part of this discrepancy can be attributed to the fact that the 
acoustic center of the microphone may not be located at the center of the TAC. 
In this case, determining of the position of the pressure node with the microphone 
is inaccurate. After all, what we really want to know 1s when the center of the 
TAC is at the pressure node, not when the microphone is at the pressure node. 
Also, any ambient temperature gradients (nonthermoacoustic in origin) would 
effect the position of the zero in temperature difference. As described in the 
previous chapter, the resonator was surrounded by a temperature controlled, 
circulating water jacket which tended to minimize, but not completely eliminate, 
ambient temperature gradients. In any case, the acoustic wavelength for the 
situation presented in Fig. 19 is 1.64 m, so even a 4 mm error amounts to only 
0.2% of a wavelength. We concluded that the second method of locating the 
pressure node 1s just as satisfactory as the first. In the discussions to follow, we 
present measurements of the temperature difference as a function of kx rather 


arf 
than x. The product kx is formed by multiplying the “calibrated” x by k= —. 


Figure 20 illustrates the comparison between the measured temperature 
difference (the solid curve) and the theoretical temperature difference (the 
dashed curved) for a drive ratio of 0.28%. The theoretical temperature difference 
is computed using Eq. (20). (The experimental parameters for this data set, as 
well as those for Figures 21, 22, and 23, are listed above the graph.) The 
temperature differences are plotted as functions of kx. The positions of the 
particle velocity and pressure antinodes are indicated on the graph. As seen in 
the figure, the overall comparison is good, though the measured temperature 
difference 1s approximately 20% larger than the predicted result. We attribute 


part of the discrepancy to an uncertainty in the thermal conductivity of the 


materials used to construct the TAC. Also, as seen later, measurements taken 
with TACs of essentially the same design give slightly different results. In 
general, however, the measured and predicted results are in reasonably good 
agreement at low drive ratios. 

Figure 21 illustrates the effect of increasing the drive ratio to 1.99%. Four 
areas for comparison are obvious. First, the agreement is quite good in the 
vicinity of the pressure antinode. The slopes of the measured (solid curve) and 
predicted (dashed curve) temperature differences are approximately equal. 
Secondly, the agreement in the vicinity of the velocity antinode is poor. The slope 
of the measured temperature difference is much less than that of the predicted 
result. Third, the data series of the measured temperature difference is quite 
irregular, and jagged in the vicinity of the maximum temperature difference. 
Finally, the measured maximum temperature difference is significantly less and 
occurs at a different position than the predicted maximum. In short, the 
agreement between theory and experiment is poor at high drive ratios except 
near the pressure antinode. | 

Figure 22 illustrates the theoretical temperature difference as a function of kx 
for drive ratios from 0.17 to 1.99%. (The invidunt values of the drive ratio have 
been omitted, in order to reduce clutter on the graph. The data presented in Figs. 
20 and 21 are a subset of these data.) This graph clearly indicates the progression 
from a sinusoid to a sawtooth curve and the displacement of the maximum 
temperature difference toward the pressure antinode as described by Wheatley 
et al [Ref. 2]. The actual temperature differences are shown in Fig. 23 for the 
Same experimental conditions. The measurements do confirm qualitatively the 


Sinusoid-to-sawtooth progression. Notice the dashed curve demarcates two 
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regions of behavior. The curves between the kx axis and this curve are smooth 
and regular. The curves on the other side of the dashed curve become jagged 
and irregular. This transition occurs in all of the data sets we have taken. 

In order to quantify the comparison of thése two figures, three ratios will be 
examined. The first ratio is that of the experimental slope of the temperature 
difference curve in the vicinity of the velocity antinode to the theoretical slope in 
the vicinity of the velocity antinode. The second ratio is the ratio of the 
experimental to theoretical slope in the vicinity of the pressure antinode. The final 
ratio is that of the maximum experimental temperature difference to the 
maximum theoretical temperature difference. As seen in Fig. 23, the temperature 
difference reaches a maximum on both sides of the pressure antinode, so two 
values of the maximum temperature difference ratio can be computed. These 
ratios are plotted as functions of the drive ratio (in %) in Fig. 24 for the data 
presented in Figs. 22 and 23. The slope in the vicinity of the velocity antinode 1s 
labeled "SOVmax", while the slope in the vicinity of the pressure antinode is 
labeled "SOPmax". The maximum temperature difference ratio to the left of the 
pressure antinode is labeled "Ist", while the one to the nght is labeled “2nd”. 

All ratios have approximately the same value for drive ratios less than 
approximately 0.4%. The ratios then start to decrease in a more-or-less linear 
fashion for drive ratios between approximately 0.4 to 1.0%. At this point the 
quasilinear decrease stops. It should be pointed out that the data for the drive 
ratio of 1.03% correspond to the dashed curve in Fig. 23 which demarcates the 
regions of regular and irregular behavior. As the drive ratio increases beyond 
approximately 1.0%, the pressure antinode slope ratio increases slightly and then 


levels off at a drive ratio of approximately 1.5%. In the drive ratio region above 


1.0%, the temperature difference ratio more-or-less levels off, whereas the 
velocity antinode slope ratio tends to decrease, though at a slower rate than in the 
0.4 to 1.0% drive ratio region. 

Graphs similar to that in Fig. 24 are presented for several data sets taken with 
TAC #3 in Figs. 25 through 27. (The type of gas and the approximate mean gas 
pressure is given above the graph. Also, since the two maximum temperature 
difference ratios exhibit approximately the same behavior, the second one has 
been omitted to reduce clutter.) Each of these figures exhibit the same general 
features as Fig. 24, most importantly, the initial values of approximately 1.2, the 
region of linear decrease for drive ratios up to approximately 1.0%, and the 
generally leveling off behavior beyond. 

Data taken with TAC #1 in helium are presented in Fig. 28 and 29. Again, the 
same general behavior is evident. One noticeable difference is in the initial values 
of the slopes, which are approximately 0.9 for TAC #1. This change in initial 
value 1s consistent with our claim that much of the discrepancy between theory 
and measurement in Fig. 20 is due to variability between individual TACs and 
uncertainty in the value of the thermal conductivity of the TAC materials. 

Data taken with TAC #2 are shown in Figs. 30 and 31. Although discussed in 
the previous chapter, TAC #2 and TAC #3 are much the same, there is some 
variability in the results obtained with the two TACs, as seen by comparing Figs. 
24 and 30. The main differences are that the wires used for the thermopiles are 
different diameters. Although these data do not extend to high drive ratios, the 
same general behavior is observed as in Figs. 24 through 29. The initial values of 


the slopes are between approximately 1.0 and 1.1. 
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V. SUMMARY, CONCLUSIONS, AND FUTURE WORK 


A. SUMMARY 

The goal of this thesis is to make a quantitative investigation of the basic 
theory underlying the thermoacoustic effect. The experimental approach has 
been to measure the temperature difference developed across a thermoacoustic 
couple (TAC) as a function of the position of the plates in an acoustic standing 
wave, the drive ratio, the thermal properties of the plates, and the thermophysical 
properties of the gas. The specific aim of these measurements is to first verify the 
theory developed by Wheatley et al by comparing it to measured results at low 
drive ratios, and, secondly, to extend the comparisons to high drive ratios. In 
order to make these measurements a computer controlled device has been 
designed and built. 

The results of measurements made with three different TACs in helium and 
argon for mean gas pressures between approximately 100 and 300 kPa are 
reported. In general, results can be summarized as follows. At low values of the 
drive ratio (below approximately 0.4%) the measurements agree well with 
predictions. The data series of the temperature difference as a function of 
position, changes from a sinusoid to a sawtooth as predicted. As the drive ratio 
increases from 0.4% to approximately 1%, the agreement between measured and 
predicted results decreases almost linearly with increasing drive ratio. The data 
series Continues to distort, yet remains smooth. At drive ratios greater than 
approximately 1%, the data series of the measured temperature difference 


becomes irregular and the linear dependence on drive ratio stops. At the highest 


2) 


drive ratios, the ratio of the measured results to the predicted results is more or 
less independent of drive ratio, although some exceptions were found. Finally, 
measured values of the temperature difference agree very well in the vicinity of 
the pressure antinode regardless of drive ratio. On the other hand, they don't 


agree very well at velocity antinodes. 


B. CONCLUSIONS 

Several conclusion may be drawn from this work. The first conclusion is that 
the thermoacoustic effect 1s well understood at low values of the drive ratio. In 
addition, the theory developed by Wheatley et al [Ref. 2] agree well with 
measured results. The second conclusion is that there are two distinct regions of 
behavior at higher drive ratios. One region, which occurs for drive ratios less that 
approximately 1%, is characterized by a linear decrease in the agreement 
between theory and experiment. The second region, which occurs for drive 
ratios greater than approximately 1%, is characterized by the onset of 
irregularities in the temperature difference data series. Also the linear 
dependence of the disagreement disappears. Further, because the agreement is 
always good in the vicinity of the pressure antinode (velocity node), some velocity 
dependent effect may be the cause of the poor agreement at higher drive ratios. 
This conclusion is also supported by the observation of the sudden onset of 
irregularities in the temperature difference data series. A final conclusion is that 
there is variability between TACs, even between those of essentially the same 
design. This conclusion indicates that the experimental apparatus developed for 


these measurements may be useful in searching for an optimal TAC designs. 
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C. FUTURE WORK 

One area for future work is to develop a method of measuring the thermal 
conductivity of the materials used to construct the TACs or calibrating the TAC 
once it is constructed. A calibration may be accomplished by imposing a known 
temperature difference across the TAC and measuring the output voltage. 
Though not discussed in this thesis, we have made a first attempt at calibrating 
TACs. The results were unsatisfactory in that they showed wide variability. We 
intend to pursue TAC calibration in the future. Once a TAC can be calibrated, 
we can investigate the causes of the variability in agreement between experiment 
and prediction at low drive ratios. 

Another area for future work is to measure the acoustic particle velocity, 
most likely with hot wire anemometry. This capability will allow us to investigate 
the conclusion that velocity dependent effects, such as the onset of turbulence, 
are the cause of the disagreement between theory and experiment at high drive 
ratios. 

Finally, we intend to use the experimental apparatus to investigate the 
behavior of thermoacoustic engines which are too long to be considered TACs, 
but which more closely resemble the type of engine used in refrigerators and heat 
pumps. It should be possible to not only investigate the design of the engine, but to 


investigate the optimum placement of the engine within the sound field. 


> / 
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